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FOREWORD

This report was prepared by Battelle-Northwest (a division of
Battelle Memorial Institute) Richland, Washington, under Contract
Number F08635-71-C-0013 with the Air Force Armament Laboratory, Eglin
Air Force Base, Florida. This report covers work done from July 1970
through October 1972. Mr. Ralph Blair and Mr. David Uhrig (DLDG) were 4
the program managers for the Armament Laboratory. Mr. P. A. Ard,
Research Engineer, was the principal investigator and Mr. R. S. Kemper, "t
Manager, Materials Development Section, vas the program manager.

This technical report has been reviewed and is approved.

Director, Guns and Rockets Division
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ABS TRACT

This was a research and development program on lined gun barrels
directed toward selecting desirable barrel and liner material cobina-
tions which will increase the life of barrels in rapid fire gun systems
and developing the fabrication processes for producing these barrels with

* a metallurgically bonded liner. Coextrusion was used as the method for
producing the -lined barrel stock. The program was divided into two parts
with the first pert directed toward producing lined .220 Swift barrels of
selected material ccmbinations for testing in the M-60 gun. The second
part was directed toward producing a test quantity of 25mm barrels for
testing in the GAU-7/A Gun System using the 3est material combinations
and the fabrication techniques developed in the first part. Coextrusion
was used as the method for producing the lined barrel stock. A-286 steeI
was selected as the barrel material, and TZM, No-0.5Ti, L605, Ta-10W, ana
T-222 were selected as the liner materials for the barrels. All the
liners coextruded with the barrel steel satisfactorily over a small man-
drel except T-222. The four successfully coextruded combinations were
fabricated into .220 Swift barrels with swaging being used to rifle the
barrels. The A-286 steel with an L605 liner was selected as the most
promising combination for the 25mm barrels. The lined barrel blanks were
produced by coextrulsion on a 38 50-ton press using a mandrel. The zo-
truded blanks were fabricated into GAU-7/A barrels by Philco-Ford Cor.,c-
ration.
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I Distribution limited to U. S. Govei ment ageiicies .,lv.
this report documents test and evaluabion; uistribution
limitation applied December 1972. Other request: for
this document must be referred to the Air Force ,rumaeriL
Labo:atory (DLDG), Eglin Air Force Base, Florida 3254.'
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SECTION I I
INTRODUCTION

The Air Force is faced with the challenge of producing a rapid fire
aircraft gun system which can fire large projectiles at high velocities
and thus increase the probability of inflicting a kill on a fast moving
air target. The high firing rates and the increased propellant loads
produce gun barrel erosion to the extent that serious liaitations are
imposed on the gun systems. Materials evaluations in gun barrel tests
have shown that improved erosion and wear resistance can be achieved L
heat resisting alloys and high melting point refractory 'loys are
as barrel liners. Due to their high density, high cost oor duct 4y,
poor formability, and difficult machining characteristi, these ')s
are generally not practical for the major portion of the rrel b, may be
considered as a barrel liner. The rest of the barrel maS .nen be . e of
lower cost, more easily fabricated materials which have the desired elevated
temperature strengths and ductility to perform satisfactorily under the
severe stresses imposed during firing.

The purpose of this program was first to develop fabrication techniques
and produce several .220 Swift barrels lined with five different materials
for test firing on the M-60 weapon. This test simulates conditions experi-
enced in the larger caliber gun system with a small caliber weapon. The
technology developed for producing the .220 Swift lined barrels and the
most promising material combination will be utilized to fabricate a small
quantity of 25mm lined barrels for testing in the aircraft gun system.

High temperature, heat resistant A-286 steel was selected as the barrel
material to be used in both the .220 Swift and the 25mm barrels. The
molybdenum alloys TZM and Mo-0.5Ti, the tantalum alloys T-222 and Ta-10W,
and the cobalt alloy L605 were selected as liner materials for the
.220 Swift barrels. The alloy L605 was selected as the liner in the
25mm test barrels. The barrel liLers were metallurgically bonded to the
barrel material by coextrusion. The rifling in the .220 Swift barrels was
produced by swaging; however, the gain twist rifling in the 25mm barrels
war. produced by machining.

'i.
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SECTION II

SUMMARY

.220 SWIFT BARREL PROGRAM

Duplex billets of A-286 steel with TZM, Mo-O5Ti, L605, Ta-lOW alloy
liners were successfully coextruded over a mandrel into lined, small bore
gun barrel stock. From these coextrusions twelve .220 Swift barrels were
fabricated for testing on the M-60 gun. Three barrels each with TZM,
Mo-0.5Ti, L605, and Ta-lOW liners were supplied for test firing and
evaluation. An attempt to coextrude T-222 alloy lined A-286 barrel stock
was not successful as the T-222 would not coextrude uniformily with the
A-286 and instead extruded in lumps. An attempt to coextrude the T-222
with the higher strength CG-27 steel showed little improvement.

All the lined .220 Swift barrels produced in this program were rifled
by swaging. The coextruded stock was prepared for rifling by chemically
removing the extrusion sleeve material from the bore and honing the bore
to the desired finish and size for swage rifling. The rifling step was
performed on a 4-die swage using a modified swaging technique which
prevented locking the short carbide rifling mandrels in the workpiece.
All barrels were preheated and warm swage rifled to prevent cracking
the liners.

25MM BARREL PROGRAM

Three duplex 25mm barrels were produced from coextruded barrel stock
for testing in the GAU-7/A gun program. These barrels were A-286 with an
L605 liner. The coextrusion techniques were basically the same as those
used in the .220 Swift barrel program. The barrel stock was extruded from
8-inch-diameter billets on a 3850-ton accumulator press. The four billets
extruded in Phase I of this program showed that it was feasible to produce

lined barrel stock for this size of gun by coextrusion. The necessary
changes in the billet design and extrusion conditions were made for
Phase II, and four billets were successfully extruded. Three of these
were machined into GAU-T/A barrels.

The barrel blanks were prepared for rifling by chemically removing
the extrusion sleeve material, age hardening, and honing the ID to the
required gun bore size and finish. The gain twist rifling in this barrel
was produced by machining as this type of rifling cannot be formed by
swaging over a mandrel as can constant twist rifling. The L605 liner was
found to be readily machinable during rifling, allowing the use of the .

standard GAU-7/A machining technique.
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SECTION III

BARE AND LIM MATEIALS

BARREL MAIERIAL

The heat resistant A-286 steel was selected for evaluation as a high
temperature gun barrel material in this program. A barrel material should
have good notch toughness and reasonable yield streugth up to at least
15000F to be an acceptable gun barrel material. The A-286 steel is aus-
tenitic under all conditions of heat treatment and has good continuous
atmospheric corrosion resistance to 13000F with good intermittent oxidation
resistance to 15000F. Optimum properties are obtained by a solution heat
treatment and an aging treatment. The material is readily forgeable but
has more resistance to deformation than the standard 300-series stainless
steels.

Following are some typical values of A-286 steel after solution
heating to 18000F with an oil quench and aging at 13250F for 16 hours.

A-286 (Iron Base - 15 Cr - 26 Ni - 1.3 Mo - 2.1 Ti - 0.3V)

Tensile Properties

Test Yield Strength Tensile Elongation,
Temperature, *F 0.2% Offset, psi Strength, psi %

70 93,500 143,500 24.0
1000 90,500 132,000 18.8
1200 86,000 103,000 13.0
1400 514.000 64,ooo 18.5

Hot Hardness

Test Rockwell
Temperature, OF Hardness

70 26.0 RHC
800 97.0 RKB

1000 95.5 RH3
1200 92.5 RHB

Impact Strength, Charpy V-Notch

Test
Temperature, OF ft- lb

-100 68.o
70 64.o

1000 4.S1500 50.0

3



The A-286 material for the .220 Swift barrels was purchased to
;>r~space Materia•, Specification (AMS) 5737D. The material for the 25,m
harrels was piurchased to Aerospace Material Specification 5736E.
Copies of the material certifications are shown in Appendices I1 and V.

LINER MATERIALS

The materials sele-cted for evaluation as liners in the .220 Swift
barrel tests were two molybdenum alloys TZM and Mo-0.5Ti, two tantalum
alloys T-222 and Ta-10W, and one cobalt alloy L605. The L605 alloy was
.-lpcted as the liner for the 25mm barrels. All alloys have good high

t.-m.erature properties which are destrable for barrel liners.

Following are some typical mechanical properties for these alloys:

TZM (Molybdenum Base - 0.5 Ti - 0.08 Zr)

Condition: Rolled or Forged at 2200OF and Stress
Relieved

Short-Time Tensile Properties

Tczt Yield Strength Tensile Elongation,
Ttmperature, OF 0.1% Offset, psi Strength, psi %

R.T. 102.14 119,600 29
1800 7?4.9 77,300 15
2000 64.3 73,100 17
24OO 33.3 53,500 29

Hot Hardness

Temperature, Diamond Pyramid
OF Hardness

R.T. 220
1800 200
2000 180
2400 130

Molybdenum Base - 0.5 Ti

Condition 1! Rolled and Stress Relieved at 1800OF

Short-Time Tensile Properties

Test Yield Strength Tensile Elongation,
Temperature, 0F 0.1% Offset, psi Strength, psi .

R.T. 99,100 132,100 31
750 89,000 110,000 -18

1200 814,000 100,500 17
IoO 76,500 88,300 15

1 '4



Condition 2: Forged or Rolled and Stress Relieved
at 2100OF

Test Temperature, OF R.T.
Yield Strengtb 0.2% Offset, psi 94.7
Tensile Strength, psi 112.1
Elongation, % 10

Diamond Pyramid Hardness 262

T-222 (Tantalum Base - 10 W - 2.5 HF - 0.012 C

Condition: Hot Fabricated, Rolled, and Recrystallized

Short-Time Tensile Properties

Test Yield Strength Tensile Elongation,
Temperature, OF 0.2% Offset, psi Strength, psi _

R.T. 105.0 110.0 25
o00 78.8 86.o 28

2000 40.8 77.6 18
2200 38.1. 67.3 17
21400 37.8 53.1. 20

Hardness at Room Temperature

238 - 280 Diamond Pyramid
Hardness

Tantalum Base - 10 W

Short-Time Tensile Properties

Test Yield Strength Tensile
Temperature, 0.2% Offset, Strength, Elongation,

OF psi psi , _% Condition

R.T. 74,300 89,400 40.0 Recrystallized
R.T. 115,000 133,000 33.0 Stress Relieved, 2190°F

1500 95,000 103,000 12.0 As-Rolled Sheet
2200 41,000 12.0 Recrystallized
2500 19,000 20,000 20.0 As-Rolled Sheet

t Impact Strength, Charm Keyhole

Test
Temperature. OF ft-lb

k0 100
.4oo 105
800 14o

5



L605 (Cobalt Base - 20 Cr - 10 Ni - 15 W - 1.5 Mn.- 0.10 C)

Condition: Solution Aiinealed at 2200'F
and Rapid Cooled

Short-Time Tensile Properties

Test Yield Strength Tensile Elongation,
Temperature, OP 0.2% Offset, psi Strength, psi %

R.T. 85,800 160,700 h7.0
1000 53,900 130,600 4o.0
14oo 49,000 73,000 12.0
1600 37,000 40,0o0 25.0
1800 27,500 29,200 37.0

Impact Strength

Test
Temperature, OF ft-lb Type of Test

-58 14 Izod-notched
R.T. 120 Izod-nothced
1000 198 Charpy-V notch
1400 145 Charpy-V notch
1600 120 Charpy-V notch
1800 105 Charpy-V notch

Hot Hardness

Test Rockwell
Temperature, 0F Hardness

R.T. 21 RHC
800 79 RHB

1000 77 M
1200 76 RmB

The molybdenum alloy materials were both purchased to Aerospace
Material Specifications, the TZM alloy was purchased to AMS 7819, and
the Mo-O.5Ti alloy to AMS 7813. Both the T2N and Mo-0.5Ti materials were
recrystallized prior to machining into billet components. The TZM alloy
was recrystallized at 2800@1, and the Mc-0.MTi alloy was recrystallized at
26007F. The Ta-10W alloy was purchased fully recrystallized to Aerospace
Material Specification 7848, and the T-222 alloy was purchased in the
recrystallized condition to requirements specified in the purchase order.
The L605 material was purchased in the solution heat-treated condition to
Aerospace Material Specification 5759D. Copies of all material certifica-
tions are included in Appendix II and V.

6
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SECTION IV

.220 SWIFT BARREL FABRICATION

FABRICATION APPROACH

Each fabrication step used in producing the .220 Swift barrels is
given in the proper sequence in Table I. The lined barrel stock was
produced by coextrusion which provides a full length uniform liner that
is metallurgically bonded to the barrel steel during the hot extrusion
step. All the barrels were swage rifled as some of the liner materibas
are very difficult to machine, particularly the molybdenum and tante.um
alloys. Barrel chambering and OD contouring were by conventional machin-
ing methods.

The barrel fabrication process is divided into seven areas for this
discussion: (1) billet fabrication, (2) coextrusion of barrel stock,
(3) blank preparation, (4) rifling, (5) heat treatment, (6) final machin-
ing and inspection, and (7) socket and cylinder assembly.

Billet Fabrication

The design of the composite coextrusion billets used for coextrusion

of the lined barrel stock is illustrated in drawing R-1925, which is
Figure I-i in Appendix I. An assembled billet is shown in Figure .. The
center sleeve and both end caps were fabricated from 304 stainless steel
to prevent excessive oxidation of these parts during billet preheat. The
center billet sleeve on the initial billets was 0.040 inch thick, but in
billets T22, TW2, TW3, L53, L54, TM2, TM3, MT2, and MT3 the center sleeve
wall was increased to 0.058 inch to reduce the chilling effect of the
relatively cold mandrel and mandrel sleeve.

The machined billet components were cleaned prior to assembly by
first degreasing in trichlorethylene followed by deionized water andV1  alcohol rinses and an air dry. Prior to rinsing the outer diameter Eur-
face of the liner was abrasive dry-blauted using glass beads to remove
surface oxides. Initially, the billets were assembled and vacuum sealed
by electron beam welding. However, billets T21, TWl, MTI, and L52 were

t found to be leakers producing a poor bond between the liners and the
barrel steel in the extrusion. The leaks were found to be from small
cracks generated in the A-286 steel during electron beam welding. Sub-
sequent welds were made by TIG welding using a Hastalloy W filler mate-
rial. The inside of the billet was flooded with argon during welding and
then evacuated and helium leak checked, using the evacuation tube shown in
drawing R-1925, Figure I-1 in Appendix I. If the welds checked helium
tight, the evacuation tube was pinched off and sealed.

7



TABLE I. PROCESSING STEPS AND CONDITIONS FOR FABRICATING
.22 CALIBER LINED GUN BARRELS

Procegg Step Process Conditions or Requirements

1. Machine billet components Per dimensions shown on drawing R-1925

2. Clean billet components Degrease, abrasive dry blast and rinse

3. Assemble billet Per drawing R-1925

4. Extrude 20500 F to 2150OF preheat (see Table II)

5. Straighten extrusion Sutton roll straightener

6. Cut into barrel blanks Water cooled abrasive wheel

7. Chemically remove billet Hot 10% solution of H2 SO acid
and mandrel sleeve

8. Hone blank bore 0.230 to 0.238 inch ID and a 32 micro-
inch finish

9. Partial aging for swaging 1325 0F for 1 1/2 hours in vacuum
(barrels TM2-1, TM3-2, TM3-3, and
TW2-3 only)

10. Swage rifling 12% reduction at 900°F

U. Straighten barrels Straight within 0.002 inch per foot
of length

12. Inspect rifling Air gage check
13. Age harden A-286 steel 13250F for 16 hours in vacuum

14. Chamber barrels Per drawing R-1492, reamer per

drawing R-1927

15. Rough machine OD contour Within 0.040 inch

16. Inspect bore straightness Straightness checked visually on bore
and straighten if required

17. Final machine barrels Per drawing R-1492

18. Inspect barrels To drawing R-1492

19. Install sockets and gas Per drawing R-1798
cylinders

20. Final inspect To drawing R-1798

- : m , • I ~ IIliII I Ill l I l [ l lli ll•II{ I IIlINI P IIlll I8
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Coextrusion of Barrel Stock

The billets for the .220 Swift barrels were extruded on a 1250-ton
horizontal Loewy-Hydropress (water accumulator-actuated) shown in Figure 2.
The press has a 59-inch stroke, a maximum rem closing speed of 840 inches/
minute, and a maximum pressing speed of 480 inches/minute. The 4-inch
resistance heated billet container was operated at 7500F.

The conical entry extrusion dies were fabricated from H-12 tool steel,
and the cone and the throat surfaces were coated with zirconia by the
Rokide-s* process. The extrusion mandrels were made from AISI type T-1
tool steel hardened to Rc 57-60. The mandrel has a 0.010-inch taper to
help reduce the extrusion drag on the small mandrels. The die, mandrel,
and the 1010 steel mandrel heat barrier sleeve are shown in draring R-1924,
Figure 1-2, in Appendix I. The die, mandrel, and mandrel sleeve are shown
in Figure 3. The mandrel sleeve which extrudes with the billet has the
purpose of slowing the rate of heat flow from the billet into the mandrel
during extrusion, alloving sufficient time to complete the extrusion
before the mandrel overheats. The mandrel sleeve is placed over the
mandrel with a heavy lubricant layer between the mandrel and sleeve which
also helps to reduce the rate of heat flow as well as lubricate the
mandrel.

The billets were placed in closed stainless steel cans and preheated
for 2 1/2 to 3 hours to the temperatures indicated in Table II. The pre-
heating was in a resistance-heated air atmosphere furnace, and the stainless
cans helped to reduce billet oxidation. The extrusion die was preheated
to 750OF prior to the extrusion, but neither the mandrel nor the mildsteel mandrel sleeve was preheated. After removal from the furnace, the
billet is quickly loaded into the extrusion container along with a t
graphite block machined to accommodate the mandrel head. The purpose of
the graphite block behind the billet is to clear the billet from the die
and mandrel at the end of the extrusion stroke. The mandrel, together
with the heat barrier sleeve, is inserted through the graphite block into
the billet after the billet and graphite block are loaded into the press
to lessen mandrel exposure time to the hot billet.

The die and extrusion container was lubricated with a suspension of
graphite and oil followed by a coating of Phosphathern 10*a prior to each
extrusion. No lubricant wau applied to the billets. The lubricant
"between the mandrels and the heat barrier sleeve consisted of graphite
and copper fines.

The conditions and the results of each extrusion are given in Table I1;
a typical coextrusion is shown in Figure 4 along with a cut section of the

SA patented coating process by Norton Company.
"A hot steel extrusion lubricant marketed by the Alpha-Molykote
Corporat ion.

10
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extrusion showing the small extruded bore. Radiographs of an A-286

steel extrusion with each of the five types of liners are shown in

Figu.res 5, 6, and 7. As is evident in Figure 7, the T-222 liner would

not coextrude with the A-286 steel but instead extruded in lumps within
the steel.

Blank Preparation

The coextruded stock was cut into barrel blank lengths, and the bores
were prepared for swage rifling by first removing the mild steel mandrel
sleeve and stainless steel billet center sleeve material and then honing
the bore to a diameter between 0.230 to 0.238 inch with a 32-adcroinch
finish. Two approaches were tried for preparing the blank bores for rifl-
ing. The initial approach consisted of counterboring the sleeve materials
from the bores using a gun counterbore tool followed by a light honing
operation to provide the desired finish. This approach proved to be
unsatisfactory as the counterbore tool would not follow the extruded liner
bore close enough to prevent leaving areas with sleeve materials on one
side of the bore while excess liner materials were removed from the oppo-
site side of the bore. Also, the Ta-lOW liners could not be counterbored
as the counterbore tool tended to seize to the material. The barrel
liner ID was extruded about 0.010 inch under the desired dilaeter range
to allow for boring and honing.

The second approach consisted of first acid milling the sleeve mate-
rials from the extruded barrel stock bores using a hot 10 percent sulfuric
acid solution followed by honing the bore to the desired diameter and
finish. The ID of the blank liners was extruded to a diameter of aboit
0.230 inch to allow material for clean-up during honing. This approach
provided the most satisfactory barrels as it did not affect the uniformity
of the liner, and all liner materials used could be prepared by this
approach. The barrels supplied under this contract were all prepared by
this approach.

The barrel blanks were centerless ground to an outside diameter of
1.310 inches for swage rifling. The condition of the barrel stock was
as-extruded with no subsequent heat treatments prior to swasing except
on blanks TM2-1, T313-2, TM3-3, and TW2-3 (see Table III) Vhich were
partially aged in an attempt to better match the hardness of the barrel
material to the liner material to provide a smoother rifling. The A-286
steel was about 85 to 100 RB as-extruded and with a I 1/2-hour 13250F
partial age the hardness was about 27 Rc. The hardness of the molybdenum
alloy liners was about 270 DPH as-extruded, and the hardness of the L605
liner was about 22 Rc as-extruded.

Each barrel was welded to a steel handle so that the entire barrel
length could be fed through the swage.
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Extrusion T21
Lead End Center Tail End

Jý_Iw
IT.

T-222 Liner

-Figure 7. Radiographs Showing the Results of Coextruding T-222
Alloy with A-286 Steel. The Dark Areas are the T-222 Material.
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i fnling

The lined barrel blanks were rifled by rotary swaging the barrels
over a tungsten carbide mandrel. The mandrel location within the swage
is fixed, and the barrel blank movea over the mandrel as it is rifled. A
5F 4-die Fenn rotary wage, shown in Figure 8, was used for the swaging
operation. The swaging dies were made of E-13 tool steel and were the
R-2 die set shown on drawing H-3-256h8, Figure 1-3, In Appendix I. The
rifling mandrel shown in Figure 9 with a section of a rifled barrel vas
made of carboloy 55B. A drawing of the mandrel (drawing R-11 93, Part 1,
Figure 1-4) is also shown in Appendix I.

All the barrel blanks were preheated to 900OF in a tube furnace
prior to waging to prevent cracking the molybdenum alloy and L605 liners.
The Ta-lOW alloy liner could be cold swaged without cracking, but a more
uniform rifling was produced when the blanks were preheated to 9000F. To
prevent the mandrel from locking in the blank during ivaging, a light
graphite lubricant was used and the swaging technique was altered to allow
two opposing swaging dies to strike the barrel slightly ahead of the other
two opposing dies. This was accomplished by using different shim thiciness
behind each pair of opposing dies.

As determined by metallography of specimens from the as-swaged barrels,
the hot swaging operation appeared not to damage the bond between the barrel
steel and the liner material. A swaging operation record of the barrel
blanks supplied is given in Table III.

Heat Treating

: Following the rifling step the lined A-286 steel barrels were checked
for a straightness of 0.002 inch per foot of length and, if necessary,
straightened to this requirement. After straightening, the A-286 steel was
age hardened by holding the barrels at 132507 in a vacuum for 16 hours.
The vacuum was used to protect the refractory liners during the long time
at temperature.

Samples of extruded A-286 steel barrels were solution heat treated to
determine the effect on the bond and evaluate the need for a solution heat
treatment following extrusion. The solution heat treatment consisted of
heating to 180007 for one hour followed by an oil quench. No detrimental
effect on the bond was discernible, but the solution heat-treated barrels
appeared not to have any advantage over the as-extruded barrels for avage
rifling or in the properties of the barrel after aging. The most desirable
condition would be to quench the barrels imediately after extrusion to

* prevent grain growth in the A-286. The A-286 steel barrels supplied in
Sthis contract were air cooled after extrusion with no subsequent solution

heat treatment. The final barrel hardness after aging was in the range of
29 to 32 Rc.
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Final Machining and Inspection

The rifled barrel blanks were machined into .220 Swift barrels in
accordance with drawing R-1492, Figure 1-5 of Appendix I. using conven-
tional machining techniques. The first step was chambering which vms
accomplished using a high speed steel roughing roamer followed by a
carbide finishing reamer, draying R-1927 (Tigure 1-6 of Appendix I).
The carbide reamer would not satisfactorily cut tAe Ta-lOW lined barrels
tending to gall and seize. This vam alleviated by using nigh speed remers
for the entire chambering step. The molybdemm and tantalum alloy under
materials were very abrasive, requiring frequent resharpening of the
reamers.

Following chambering the outer diameter contour of the barrels was
then rough turned to near the finish dimensions and then bore chocked for
straightness. If necessary, the barrels were straightened before going
on to finish machine the barrel. The finish machined .220 Swift barrel is
shovn in Figure 10.

The rifling in the barrels was checked for dimensional accuracy with
an air gage following swaging and again during the final inspection. The
bore and chamber were inspected with a borescope to determine the finish
condition of the rifling and chamber. Tho finish chamber roomers were
ground to provide the desired chamber form and dimensions and were checked
with an optical comparator initially and after each sharpening to insure
the shape and accuracy. T-4e headepace was checked using a flush-pin gage
which is shown in drawing R-1926, Figure 1-7 of Appendix I. The barrel
diameter outer ctntour and threads were inspected using conventional
inspection tooling and thread gages. The final inspection records are
given in Appendix III.

Socket and Cylinder Assembly

After inspection the barrels were assembled with the chamber sockets
and gas cylinders supplied by the program sponsor. The assembly was in
accordance with drawing R-1798, ligure I-8, in Appendix I. The 0.110-inch
gas hole from the gas cylinder into the barrel bore was made by electrical
discharge macbining which left a clean burr-free hole into the bore. Three
barrels with the sockets and gas cylinders installed are shown in Figure 11
along with a close-up of an installed chamber socket.

The results of the final inspection of the asscmblies are & J( given
in the inspection records in Appendix III.
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SECTION V

2514 BAREL FABRICATION

FABRICATION APPROACH

Table IV lists the process steps in sequence and the conditions
which were imposed at each step. The lined barrel stock was produced by
coextrusion which was accomplished on a large extrusion press operated
by Reactive Metals, Inc., Astabula, Ohio. The coextruded barrel blanks
were rifled and machined into 25amm GAU-7/A barrels by Philco-Ford Corpo-
ration, Newport Beach, California. A process sequence chart is shown in
Figure 12 which depicts, in order, the major steps in fabricating the
lined 25mm barrel.

The fabrication process will be divided into five steps fo•r this
discussion: (1) billet fabrication, (2) coextrusion of the barrel stock,
(3) blank preparation, (4) rifling and final machining, and (5) inspection.

Billet Fabrication

The design of the duplex coextrusion biliet used for the final fou,
coextrusions is shown in drawing R-1838, Figure IV-l in Appendix IV. The
8-inch assembled billet is shown in Figure 13. The billet center sleeve
was 1010 steel, and both end caps were fabricated of 1020 steel. The
billet center sleeve on the first four war- 0.095-inch thick but was
increased to 0.120-inch thick on the next four billets to help reduce
chilling of the L605 liner by the relatively cold mandrel and mandrel
sleeve. Both billet seal caps were made of 304 stainless steel and serve
the purpose of sealing the billet interior. The flex seal cap on the tail
end of the billet is designed to accommodate the difference in thermal
expansion between the A-286 billet and the mild steel sleeve and thus
prevents tearing the welds on the billet center sleeve during preheat.
This flex seal was increased in diameter for the second group of billets
to further reduce the stresses in the weld.

All components in the billets were cleaned prior to assembly by
degressing in trichlorethylene followed by a hot deionized water rinse.
In addition, the A-286 steel billet and L605 liner were chemically bright
etched followed by a rinse to insure the optimum surface cleanliness
for bonding. The billets were assembled and TIG welded using Hatalloy W
filler rod. The inside of the billets was flooded with argon while
making the welds on the seal caps. These welds were then checked by
evacuating the billet and helium leak checking. If the weld checked
helium-tight, the evacuation tube was pinched off and sealed. The mild
steel end caps were then welded to each end of the billet.

ý,6



TABLE TV. PROCESSING STEPS AND CONDITIONS FOR FABRICATI3IG
25MM LINED GUN BARRELS

Process Step Process Conditions or ReQuirements

1. Machine billet components Per dimensions shown on
drawing R-1838

2. Clean billet components Degrease and chemically clean

3. Assemble billet Per drawing R-1838

4. Extrude 2040 to 21500? preheat
(See Table V.)

5. Straighten extrusion 100-ton gap press
(within 0.003 in./ft on OD)

6. Cut into barrel blank lengths Cut with an abrasive saw

7. Chemically remove billet and 10% solution of HN03 acid
mandrel sleeve

8. Age harden A-286 steel 1325°F for 16 hours
9. Rough turn OD and check To N 2-1/2 in. OD and straight to

straightness within 0.002 in./ft on bore

10. Hone blank ID Hone to barrel bore dimension
0.984 + 0.002 inch.

11. Rifle bore Machine rifle per Philco-Ford
drawing 47408 (Em4i Gun)

12. Rough machine OD contour Leave sufficient material for
straightening

13. Check bore straightness Straight to within 0.002 in./ft
and correct as required on bore

14. Final machine barrels Per Philco-Ford drawing 47408
(EM1 Gun)

15. Inspect barrels All dimensions to Philco-Ford
drawing 47408 (EMI Gun)
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Coextrusion of Billets

The 8-inch-diameter billets were extruded on a 3850-ton horizontal
Loewy press (accumulator actuated) operated by Reactive Metals, Inc.,
Ashtabula, Ohio. This press, which is shown in Figure 14, has a maximum
pressing speed of 150 inches/minute. The 8-inch gas-heated container was
operated at 70007.

The die and die cone shown in drawing R-1923, Figure IV-2 of
Appendix IV, were fabricated from 11-12 tool steel. The die insert was
fabricated from Duplicast EDX to withstand the high billet temperatures.
The mandrels were made from AISI type T-1 tool steel. The mandrels had
a taper of 0.001/inch of length to gradually reduce the diameter of the
mandrel toward the tip which will reduce the extrusion drag on the mandrel.
Descriptions of the extrusion tooling, mandrel, and mandrel sleeve are
given in drawing R-1923. The mandrel sleeve performs the same function
as described under .220 Swift barrel fabrication.

The billets were preheated in a gas-fired furnace for 3 to 4 hours
with a slightly oxidizing atmosphere to the temperatures indicated in
Table V. Short graphite plugs were placed in each end of the initial
four extrusion billets during preheat to help reduce the oxidation of
the mild steel center sleeve. Stainless steel plugs replaced the
graphite plugs for the second group of billets. As can be seen in
Table V, the mandrels and sleeves were preheated to about 425 0 F except
for the mandrel and sleeve for extrusion 6L52 which was preheated to
about 250'F and the mandrels and sleeves for extrusions 6L53 and 6L54
which were used at room temperature. A very poor liner ID surface resulted
in 6L53 and 6L54 which was attributed to excess chilling of the billet
liner from the unheated mandrels and sleeves.

The surfaces of the dies, cones, and mandrels were prepared for extru-
sion by baking on a coating of molydisulfide. The liner, dies, cones,
and mandrels were lubricated with Fiske 60o-D Modified* before each
extrusion. The mandra'ls were preheated within the mild steel sleeves with I
the lubricant between the mandrel and sleeve in place.

After removal from the furnace the billet was quickly moved to the
press and loaded. The last step just prior to extrusion was the insertion
of the mandrel and sleeve into the billet with the press mandrel cylinder.
This lessens the mandrel exposure time to the hot billet.

p

* A commercial hot extrusion lubricant.
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The conditions and results of each extrusion are given in Table V, and
extrusions 6L53 and 6L54 along with close-up views of their surfaces are
shown in Figure 15. Extrusions 6L51 and 6L52 can be seen in Figure 16.
Extrusion 6L52 shows a longitudinal crack which developed from a hot-short
condition in the A-286 steel due to the billet preheat temperature being
too high.

All extrusions were quenched in water imnediately after extruding to
maintain the A-286 steel in the solution condition. A delay of about
3 minutes after extrusion prior to quenching was used on extrusaims 6L56,
6L57, and 6L58 to promote a wider diffusion zone between the A-286 steel
and the L605 liner.

Blank Preparation

The extrusions were first straightened on a gap press to a straightness
of 0.003 inch/foot on the OD surfaces. The extrusions were then cut to the
desired blank lengths, and the mild steel mandrel and billet sleeve mate-
rials were chemically removed from the bores using a solution of 10 per-
cent nitric acid. A transverse section of extrusion 6L55 after removal of
the mild steel sleeves is shown in Figure 17.

Following the removal of the mild steel extrusion sleeves, the A-286
steel was age hardened by heating the barrel blanks to 13250F and holding
for 16 hours. Table VI shows the hardness of the A-286 steel barrel and
the L605 liner before and after aging.

TABLE VI. HARDNESS OF A-286 STEEL AND L605 ALLOYS IN 25MM BARREL BLANKS
AS-EXTRUDED AND AFTER AGING FOR 16 HOURS AT 13250F

Barrel A-286 H-286
Number Condition DLiner L60

6L55 As-Extruded 79R% 78T8 9 9R1B
6L56 Aged 32R 32R0  241R
6L58 As-Extruded 7BRB 78RB 1OOR

6L58 Aged 31Rc 30R 24BR

The hardened blanks were checked for bore straightness and, if
necessary, straightened. The OD was then rough turned to a diameter of
about 2-1/2 inches to bring the OD concentric to the blank bore. A
blank as aged and three blanks after rough machining the OD are shown
in Figure 18.
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Figure 15. Extrusions 6L53 and 6L54
As-Extruded (Top) and a
Close-Up Showing the OP
Surfaces (Bottom).
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Figure 16. Extrusions 6L52 (Left) sand 6L51 (Right).
Note Longitudinal Crack in 6L52 Resulting
from a Hot-Short Condition.
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Figure 17. Section of Coextrusion 6L55 vith L605 Liner
After Removal of the Extrusion Sleeve
Materials
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Extrusions 6L55, 6L56, 6L57, and 61.58

(Left to Right)

Figure 18. One 25mm Barrel Blank in the As-Aged Condition

and Three Barrel Blanks in the Aged and Bough
Tune Codto
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The barrel bores were machine honed to the GAU-7/A barrel bore size
and finish machined by Clark and Wheeler Engineering Inc., Paramount,
California. The barrel blank bores were honed from an average diameter
of 0.945 inch to the 0.984 inch-bore diameter. With further coextrusion
development and the use of a straight extrusion mandrel the liner bore
diameter of the barrel stock could probably be extruded to within 0.010
to 0.015 inch of the finish bore diameter.

Rifling and Final Machining

The honed bores were rifled by Philco-Ford, Inc. using the barrel
rifling approach developed for the homogeneous GAU-7/A barrel. A single
point cutting tool was used to cut the rifling. The cutting tool was
mounted to a stiff rod which was rotated by a cam action to generate
the gain twist rifling. The L605 appeared to machine very satisfactorily
by this approach, cutting sharp rifling with a very good finish. The
rifling wya in accordance with Philco-Ford drawing 47408, Figure IV-3 in
Appendix TV.

The rifled barrel blanks were then machined to the requirements
specified on Philco-Ford drawing 4T108 (3.1 Oun). The blanks were first
rough turned to near the final dimensions, and the straightness was
checked and corrected, if necessary, before machining to the final dimen-
sions. The completed barrels are shown in Figure 19.

Final Inspection

Final inspection of the three completed 25 barrels was performed
by Philco-Ford, Inc. The final inspection report is included in
Appendix VI. The rifling was air gaged and the results are included
in this report. The external contour dimensions were checked by con-
ventional inspection tooling.
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SECTION VI

DISCUSSION

.220 SWF ARLF ABRICATION

A total of 15 billets were extruded in this program, of which three
had a TZM Jiner, three had a Mo-0.5T1 liner, four had an L605 liner,
three had a Ta-10W liner, and two had a T-222 liner. The TZM, Jo-O.5Ti,
L605, and Ta-10 coertruded satisfactorily with the A-286 steel barrel
material. The TZh and the !4o-0.5Ti billet materials were recrystallized
to lower the strength and improve the ductility of these materials for
coextrusion. Previous experience in coextrusion of these alloys showed
that the material in the hot-cold worked and stress relieved condition
would not coextrude satisfactorily with the A-286 steel as the strength
and ductility mismatch van too great. The work is put back into the
molybdenum liners during coextrusion producing a slightly coarser texture
with an as-extruded hardness of about 270 diamond pyramind hardness (DFH).

A transverse and longitudinal view of coextruded barrel liners of
TZM, Mo-O.5Ti, L605, and Ta-10W alloys and the interface between the liners
and the barrel steel can be seen in Figures 20, 21, 22, and 23. The liner
microstructures are shown in Figure 24. The samples were all from the
coextruded stock iused in producing the barrels supplied under this contract.
The A-286 steel microstru ture near the extrusion OD and the liner of
extrusion MT3 are shown in ?igure 25. The outer material cools more rapidly
and thus has smaller grains.

As can be seen by the radiograph in Figure 7, the T-22 alloy would
not coextrude with the A-286 steel and instead extruded in small lumps.
The difference in strength between the steel and the T-222 alloy was too
great, and the two materials would not flow simultaneously at the extrusion
temperature. In an attempt to match the strength of the T-222 alloy, a
CG-27 steel was substituted for the A-286 steel which has about 25 percent
more strength at the extrusion temperature than the A-286 steel. The results
were about the same with the exception that smaller more frequent lumps of
T-222 were generated in the coextrusion. The T-222 material was fully
recrystallized, but a hot worked stress relieved material may provide a
slightly more ductile material with lower strength.

One problem encountered in this program was the preparation of the
extruded barrel blank bores for rifling. The blank bore surfaces should
have a finish nearly as good as desired in the finish bore to insure an
acceptable finish after ri.fling. Initially, it was planned to bore out
the billet and mandrel sleeve materials, removing just enough of the
barrel liner to insure good clean-up of the surface. However, the bor-
ing tool did not follow the hole in the bore closely enough to provide
uniform clean-up and maintain a uniform liner thickness. Also the
Ta-10W would not bore as the tool seized to the material. The problem
was overcome by extruding the barrel stock with a slightly larger bore
size and chemically removing the billet and mandrel sleeves. The hole
was then honed to the desired finish for swaging.
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The first two billets (TMl and L51) were extruded at 20500F. Rifl-
ing tests with the L605 lined material from L51 produced rifling with
small cracks at the root of the rifling, as can be seen in Figure 26. A
bla•nk from this extrusion was annealed at 22000F and quenched. Rifling
test on this blank produced a crack-free rifling. The subsequent L605
lined extrusions were made at 21500?, and no cracks in the rifling were
apparent. A comparison of the L605 microstructures as-received in the
solution condition, after extruding at 2150*7 and after extruding at
20500F, is shown in Figure 27. Note the significant difference in grain

* size between these three materials. The hardness of the as-received
material was about 21 Rc, the hardness of the 2150OF extruded material
was about 22 Rc, and the hardness of the 20507F extruded material was
about 25 Rc. During rifle swaging the hardness of the material increases
to about 35 Rc.

Difficulty was encountered in rifling the Ta-lOW lined barrels as
this material had a tendency to seize to the rifling mandrel and gall
the bore even with a light graphite lubricant. By keeping the rifling
mandrel coated with a thin film of Electrofilm 10000, the tendency to
gall was substantially reduced. However, this coating had to be replaced
after swaging a few barrels. FUrther exploration of swaging lubricants
is needed for this material.

25MM BARREL FABRICATION

The four billets in the first group were all preheated to 21500Y.
The second extrusion split longitudinally, indicating a hot-short condition
in the A-286 steel as can be seen in Figure 16. The temperature on the
second and third extrusions (6L53 and 6L54) was then dropped to 2040OF and
extruded providing good OD surfaces on these extrusions. The microstruc-
tures of the A--286 in the first extrusion (6L51) which was extruded at
21.500F and the fourth extrusion which was extruded at 204007 can be seen
in Figure 28. The microstructure near the OD of the extrusion shows about
the same grain size for both extrusions while the grains near the liner in
6L51 are noticeably larger than the grains in 6L54 in the same location.

' This undoubtedly results from the extrusion container chill on the billets
which reduces the temperatures significantly near the OD while not
affecting the temperature of the material near the billet liner. The
effect of the billet preheat temperature on the L605 grain size is also
evident in Figure 29. The higher 2150*F preheat temperature of extrusion
6L51 resulted in considerably larger grains than in extrusion 6L58 which
was extruded at 20906F. The as-extruded hardness of the L605 was aboutthe same for both extrusions.

The mandrels and sleeves were preheated for the first two extrusions
but were not preheated for the third and fourth billets. The ID surfaces
on the first two extrusions were fairly smooth after removal of the

A solid film lubricant product of Electrofilm, Inc.
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Rifled Bore

50X

Close-Up of Rifling

Figure 26. Rifling in the L605 Liner of Coextrusion L51
Which was Coextruded at 2050*F. Note Cracks
at Root of Rifling.
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(21507F Preheat) "
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'(2050OF Preheat)

• IOOX

Figure 27. Comparison of t:ae L605 Liner Material As-Received,
Extruded at 21500F, and Extruded st 2050OF
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Figure 28. The A-286 Microstructures in Extrusions 6L51
and 6L54 Showing the Grains Near the Extrusion

OD and the Liners
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Ex~trusi on 6L51(2!50*? Billet Preheat)

250X

Extrusioni 6L58
(210907 Billet Preheat)

Fiur 29. Mirstut ure. of th L60 "L ', 'z• ine

j4~4 91- 1

2 50X

Extrusion 6L58
(209007 Billet Preheat)

Figure 29. Microstructure ot the' L605 Liner

in Extrusions 6L51 and 6L58
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the extrusion sleeves, but the surfaces were very rough on the next two
billets. Examination of the surfaces on the second two extrusions
indicated that the L605 liner bore material had chilled sufficiently that
it did not flow smoothly but tended to tear and extrude with a rough
surface. This indicated the necessity for preheating the mandrels and
sleeves for each extrusion.

Examination of the first four extrusions revealed that all appeared
to have poor bonds between the barrel steel and the liner, indicating
possible leaks in the billets during preheat. The leaks may have resulted
from failures in the billet seal welds or possibly the graphite plugs
which were placed in each end of the billet to protect the center sleeve
from excess oxidation may have reacted (carbon-iron eutectic reaction),
with the steel center sleeve causing the billets to leak.

To improve the liner ID surface of the Phase II extruded barrel
stock, the wall thickness on the center sleeve was increased 0.020 inch to
help reduce the chill on the L605 billet liner from the mandrel and
sleeve. Also the mandrel and sleeve were all preheated to about 425CF
for each extrusion. The billet preheat temperature was changed to 2100PF
which was low enough to prevent hot-shortness in the A-286 steel, yet
high enough to leave L605 liner in a condition which would easily
machine rifle.

To lessen the possibility of a poor bond in the Phase II extrusions
from billet leaks, a larger diameter end seal flex cap was used to provide
a mcre flexible end cap to reduce the chance of cracking a seal weld during
preheat. Also the extrusion area reduction rates on the billet were changed
from 7.5/1 to 10/1 which will further enhance bonding. The plugs which
were placed in the billet ends to help prevent excessive oxidation of the
mild steel billet center sleeves were changed from graphite to stainless
steel to eliminate the possibility of an iron-carbon reaction.

The above described changes made on the Phase II billets and
extrusion procedures were beneficial in improving both the bond betveen
the barrel and the liner and the surface of the barrel stock bores.
Figure 30 shows the microstructure of the A-286 and L605 in extrusion
6L56 and the interface between the liner and the barrel. Figure 31 shows
the interfaces for extrusions 6L57 and 6L58 and the microstructure of the
A-286 in 6L57 and the L605 in 6L58.

The hardness of the L605 as-extruded was about 98 RB and increased
slightly to about 24 Re during aging of the A-286 steel. Although the
liner was readily machinable during rifling, a harder L605 liner may be
desirable for longer barrel life.
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A-286 Barrel Steel L605 Liner
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Interface

Figure 30. Microstructures of the A-286 Steel and L605 Linerand the Interface Between These MaterialsAfter Age Hardening. Barrel Extrusion 6L56.
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A-286 Steel L605 Liner
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250X 250X

Extrusiou. 6L7 Extrusion 6L58
* (As-Extruded) (After Aging)

.3 I

A-286
Steel

Interface .
.4

L605 _
Liner
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Figure 31. Microstructures of the A-286 Steel in Extrusion 6L57
As-Extruded and of the L605 Liner in Extrusion 6L58
After Aging at 1325'F Together with Views of the
A-286 to L605 Interfaces
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SECTION VII

CONCUISIONS AND RWCO DATIONS

The .220 Swift barrel program demonstrated that both molybdenum
a T29 and 31o-O.5Ti, the L605 alloy, and the Ta-lOW alloy could be

satisfactorily ooextruded into barrel stock. However, the tantalum
allay T-222 would not coextrude satisfactorily. A possible solution
vould be to design the billet and a billet heating systm such that
the T-M2 billet liner could be heated to a higher teperature than the
steel. Also, an intemediate material between the steel and the T-222
in the billet which has a strength between the barrel steel and the
T-222 liner at the extrusion temperatures uqy aid coextrusion.

Coextrusion of the 25a barrel stock showed that the A-286 steel
and L605 alloy combination which was coextruded into .22 caliber barrel
stock could be coextruded into the larger 25m barrel stock using the
same basic coextrusion techniques. Other material combinations which
where successfully coextruded to small bore barrel stock should also
coextrude to larger bore barrel stock using the same basit techniques.

While barrel stock with a full length, fully bonded liner can be
produced by coextrusion, subsequent operations are necessary to provide
the desired finish and dimensions on. the barrel liner bore. Honing was
used to produce the desired finish on both the .222 Swift and 25mm barrel
stock and was used to bring the 25mm barrel stock to the final bore size.
Honing maintains the liner uniformity but is a very slow and costly
operation, particulary for the tantalum and molybdenum alloya. An alter-
nate approach which would be much faster than machine honing would be to
abrasive jet hone the barrel blank bores after chemically removing the
steel extrusion sleeves. A two-step operation may be required. The
first step would use a coarse particle grit followed by a fine particle
grit to obtain a good finish in the second step. Following the abrasive
Jet honing, the barrel could either be swage rifled or swaged over a
smooth mandrel to the finish bore size if the rifling is to be machined
iAto the barrel. Once this approach is established, the cost of th'-
.coextruded barrel should be substantially reduced.

The hardness of the L605 liner in the three completed 25mm barrels
could be increased by coextruding the barrel blanks at a temperature of
20 00 F or less and swage the blank bore to the desired diameter over a
smooth mandrel rather than honing to size. The lower extrusion
temperature plus the subsequent cold work should increase the hardness
to about 30 Rc. The liner would be more difficult to machine rifle but
may provide a barrel with a longer life. The above coextrusion tempera-
ture should be over 2100eF for L605 lined barrels if the barrel is to
be swage rifled. This prevents cracks in the rifling that occurred in
the .220 Swift barrels which were extruded at 20500F. The softer material
wil. work harden to over 30 Rc during swage rifling.
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Figure I-i. .220 Swift Duplex Barrel Billet
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APPENDIX II

CERTIFICATION OF MATERIALS USED

IN .220 SWIFT BAYRLS
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APPEDIX III

FIOAL INSPECTION REPORTS ON .220 SWIFT BARREMS
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APPENDIX V

CERTIFICATION OF MATERIALS USED IN 25M BARRELS
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,R.; UNIVERS:.-L-CY"W.,P3 SPECIALTY STEEL DIVISION

l TEOMS30DAYSNEI - _hCOUNIONS

BZFI777-72330 ______7 10/2$f7i 0 105 10/27/71

T13076 !-"-- I-
SOLD 1,
V ATTELLE MEMORIAL INSTITUTE BATTELLE MEMORIAL INSTITUTE
PACIFIC NORTHWEST LABORATORIES 6TH ST,
P 0 COX 599 RICHLND, WASHINGTON 9935,
RICWLANO WASHINGT~mff"35

r-1 l,-... i . ..... BRIDGEVILLE ,,, PI TTUIRGH
lAC~IIG ANDO lINUING INSTWClrCOWS

BUNDLE AND PAPER WRAPMETAL WI NTH! CUST ro.SIZE, HEAT TYPE, PC _[|S.......... 1..]......pkl are I a- at" MI:: : +...
T1 ATtX .1__.. . . .[

coNT w.. pl on VTs ANo zESCRIPTHOU Ht~ NO.c

UNI TV L605 SOLUTION TRATED
CENTERLESS GROUND BARS
TO SPEC. AD4S-5759T C10320

5 3O58 ITn" 1 2-1/2" RDP X 11 FT RAL210 LeS. ORDER COMPLETE

~Unitelp I .&T-13076"L-605 cc S 5759D & G.E.BSOT26-S7 2-1/2" rd.

CA, ISF.INI. Centerleas Ground Bars
14•AT NO. C wi i S P CR W V "I No CO Fe

C-10328 .068 1.53 .6 010 '009 19.66 14.7 [ 10.10 BaI. 2.58

__l Como. HARDNENS YIELD TENSILE &EL. -Lit. Aga- OTHER PROPERTIES

+ IL.2%
202/212 64,600 131,000 57.2

-OR•.IZ HANDSIADII.1E TREATMENT STACSS RUPTUR"

, • .HAsTCss-POIE T___ _.7. TL.-HR. R ionig.
:• 42 4,24,000 1500 75.0 1.

B I CERTIFgY THAT THIS IS A TPUE ANO CORRECT
COPY OF THE TESTS SHOWN OUR LAPORATORY
RECOROS.
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Cnacibe-

Cot boC0u Spsoalt,/ IMtanls sm
IN& PFY, Sy,..1. N T I]133

CERTIFICATE OF TEST
SOLO TO SHIPPEO TO OATE

tattllaUoatwaSame 2/29/72
Nt, ,". Dorotbst LboatsdSes 6tb Stremte Wae. I
P a lox 999 Imaaor4, Wash.
RieblafA, Wa-. 99352

CU$TONrSS I LL
o00o, No. v*T.'.-21o04 0R0A5 No. 14-774001 .2 -A, _ ___,__

INVOICE p ItPPO OATt OP
'so. W.5 P0s SxuSHIPMENT /57

055SCm 50 ON
O'

MATERIAL A-286 To MT 8SWM=O UMC ¶WM AWS-57363

Rear to UImmutive Order UQ3
ITrN PHYSICAL PROP ERTIES
NO. size QUANTITY MIAT NO. YISLD J%. TEN21L. ', CLONG % ltO H.ARDNEIS IMPACT

PSI s*I. A4t A

I PCs 8" PA. 245# C33237-2 M1 163

"Pb)'skala &ftUer 800 dog I hr water - 1325 dog 16 bra air:

U13,500 1.59,500 18-.4 33.5% ME 311

OmicatIon Stmess 3R tUwe 120 dog 70,000 psi 67.8 ars 13.I,% Rls.

Orain Sizs #6

.Ttm IE A .0-CHEMICAL PROPERTIES1'SN 1 A? N* m

"ND. C lif *0 11 $1 " CA V .0 jj aor Al
C33237 .06 1.148 .02o .005 .94 2-.84 15.08 .37 1.23 2.29 .0W5 .18

THE1 ?1S? RStULTSSWI"IN IN T'HI1 SEPORT ASS CORRICT TO TIH @EST

O P 0u4* ANOSLSOO AND EILMO.

COLT 5 NOUSTNI~SCýPUIJ~.1 4C

C•IETIFIED

A1P00ss? ATIVE
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APPENDIX VI

FINAL INS. ECflON W~ORiTS ON 25MO4 BAR1WEL
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GAU-7/A BARPBM

PFN 147408 N

SIN

Dimensions Number 2 Number 3 Number 1

1.710 +0.000 1. 710 1.710 1.710
-0.001

2. Dimter 2.0185 2.0165/2.018 2.012/2.014
Constant

A +0.000
2.050 -0.010 2.048 2.0485/2.0487 2.0475-0.010

Al.850 +'.000 1.8476 1.850 1.8495

-0.010

Al. 7 5 0 +0.000 11-7497 1.7482 1.749
-0.010 This dimn-

A1 . 6 5 0 +00 1.658 1.659 1.6498 sion out on
-0.010 all barrels

B -.850 +.000 1.843/1.845 1.849 1.847/1.8475-0.010

B -1.650+0.000 1.643/1.644 1.6455/1.6485 1.6144/1.6455

1.550 +0.010 1.5525 1.5465 1.541/1.547-0. 010

B +0.0000.150 +oo0 1.452 1.445/1.448 1.447-0.010

-+0.000 0.153 0.153 0.1503
C°15-0.003

0.137 0.003 0.1355/0.136 0.135/0.136 0.134/0.135

0.129 0.000 0.126/0.128 0.1270.128 0.1255/0.128O.29-0.003

This dimen-
D + 1.971 1.975 1.975 sion out on

0-0.005 all barrels

+ 1.774 1.75 17h6/1.749 This dimen-
1.76-0.005 sion out on

all barrels
E0.900 + 0.910 0.910 0.910

E1 .*2 0 0 + 1.198 1.205 1.202-0.01I0
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GAU-7/A BARREIS

P/N 147108 N

(Concluded)

S/N
Dimensions Number 2 Number 3 Number 1

1. 400 Diameter 1.403 1.398 i.14o1
0.045 +0.005 Rad. OK OK OK

Tup.
300 ±- 00 30' OK OK OK

0.750 ± 0.002 0.750 0.750 0.750

0.055/0.060 Rad 0.06 0.06 0.06

0.852 - 0.002 0.852 0.850 0.851

1.860 Diameter 1.860 1.860 1.860
BSC.

2.45 PECT. TADS. 2.45 2.45 2.545
+0.002

0.984 +0.000 Will Not Accept 0.98317 Pin-0.O000
Diameter

All -andAll ndOK OK OK+ to OD '

Basic Tapers OK OK OK ii
2 inches -16 Accept Accept Accept
3A TIH gage gage gage

Weight 39.5 39.5 39.5
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IR GAIGE ATA SIElT

1IEVEfLUPNT BARRELS
LAND AND GRO(WL DIAMETERS

Date: 1o0e20 1_k. 1912

laN. 1 Type: GOLU-T /A

L 2 2Barrel P/N: .hJwe8 N S/N:

Test No..... ...
K DI

-- - Raunds Fired:
(Since Last Inspection)

(Camulative)

MUZZLE END Ammunit ion Type:

Drawing Dimensions: Lot:
+0 002

STA Land Diameter 0.984_0.000 Engineer:00.00 0_.0004Gr~oove Diameter 1.'24-°0.000 A

!BRLECH MUZZLE

DIAMETEfR AT BARREL STATION

Groove .,25 0.70 6.00 2.200 24.00 48.00 72.00 muzle

0-7 a-.984 0.98• o.984 0.984 o, 8 o,-Q 0.98 4_
i A-H IDZ no n jq I o• no I wo I_• n27_

i ~~1-8 0.84, 0.98W o..984 81 4 :8 0.o 0.984.

B-I 1.026 1.02 1.026 1.02 1.026 1.027 -1.02 .*-SRevorked
I - 11/14,/72

SO.984 o.984 0. 98T - .- 8 O . AcceptsS.- j1.0j 1.02• 1.021 1.o27 1.027 1.027 1.027 __" - _98•00Gage

3-90 0.9• 0 0 . 0.9 8 0,_8_ 0.98_-_

U-K i.o2 .02 1.026 1.02 6 1.027 1.027 1.027 1.021

3-10 10.984 0.9k o.030 1 0 . 94 0.984 -

E-L .026 1.027 1 1.02. 1.02 1.-02

s- S -2 0. 984 0.98410.911 0. 0.9 0.98 0.964 0.964'•
F- . 02 i .o 0 o 1 .025 1o0r;• -1.025 1o• 0ob

6-13 Ts R• n A• no n-QAW AQf1W n-qg-4 n.QgA

G-N L.oL 1,0261 1. 0 26 1.026 _ _
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AIR GAGE DATA SHEET

DEVELOPMENT BARRELS
LAND AND GROOVE DIAMETERS

I MARK Date: November 14'. 1912

Barrel Type: GAU-7/A

Barrel P/N: 47408 N S/N: 2

Test No.-._
-- U Rounds Fired:(Since Last Inspection)

(Cumulative)

MU7A ju unition Type:

urawing Dimensions: Lot,:
+0.002

STA Land Diameter 0.984.000 Engineer:
00.0 Go ov0imte .2 +0.004 STASGooeDiate .040.000 84.00

i I
BREECH MUZZLE

DIAMETER AT BARREL STATION

Groove 0.25 0.70 6.00 .12.00 24.00 48.00 72.00 muzzle

0 -7 Q_ 8 o4 o. 0 o .0 0 .9 34 0 .9 8ý _ ._84
A-H ] n c" 1 Qo 1 1.126 i021 1.027 I __7 -_1 2

3I -- 02 -,-

- o8gS c.) 0.84 0.984 0O.98h
B-I I. CG 1.,026 1.o26 1.0,26 1.027 1.027_

I2..-9' ()_4s 0oD84 0.9 4 o.998 o.98 , 0.98I'
.C-J Io W•.7 1.027 1.027 1.026 1.026 1.027

3-10 n Qý4 o-0. A _ _ 'h ___,"_•_.5 0. ____

U-K 1 2 10,l 1.087 1-026 1-026

4t98 0,98 1 06,gh O.98h 0.984E- ..O•[.06 .O{;1,026 1,026 1.027 1,027

s -2 " . 8 o .984 0 .9 8 4 o .,,34 _ 0 .9 84 o .9 o .0 4
F -W L , 2• 1 .0 7 .0 "( 1 .0 2 7 1 .0 2 7 1 .0 2 7 1 .0 2 7

6- -I L 0 .9 13 O 14_10 .984, 0.9--41 0.913 , o- 0 2M 7 O.9 B~
7 7U- i .o 2 .0 , L l' 7 1. 0 2 7 1 1 .0 ; 1 0 2 1 O

RUMAWKS I1881 /I'/7

S~106
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AIR GAGE DATA SHEET

DEVELOPMENT BARRELS
LAND AND GROOVE DIAMETERS

Date: Nove•ber i4. 1912

Barrel Type: OAU-7/A

122iB l p/N: 47408 N S/N:,

Test No _

SRounds Fired:
(Since Last Inspection)

(Cumulative)

I MUZZLE ENI Ammunition Type:

DrawiAg Dimensions: Lot:_
.0,002

STA Land Diameter 0.984.0000 Engineer:
00.00 0.0004 Engineer&
00.0 Groove Diameter 1.024_0.00

!I

BREECH MUZZLE
VIAME-IER AT BARRKL STATION

Groov 0.2S 0.70 6.00 .12.00 24.00 48.00 72.00 muzzle

0-7)nj2 O.9ak o .98k 0.98k. a-g84

B-; Z n1•027.027_O1 10.26 1.026

2-9 n r no- •0+ Q4S} 0-.984 o.984 0,98L

C-J I; In- Q.021 7 _0"7 3.021 1.027 1,02-1

3-10 n 51A -n 9,L n-Q n-984 oB C _qIo.aQh n,984

L-K I J)PI I107 I Q-- 1-02- 1 02P 1,027 _,. 27I=

4-11 -n-- 2 n~R4 -3-oaj o.()64 0.(,.% 0,984. 0.984
E-L ~t•(; _¢ ] •'J"• Io1 -.026 1,026 1-026

5-2 ~o). ~qb .0_,r4 0,_98}L 0.9841 0.984, 0.961,

F-M 1.027 1.02110ý7 3.o 02 1.•' d,? 1o.07 1.0,"'6

•_,; • oa) o_•a 0,98. 41 o .98 o. 8) ._•, o 9 }

REM ARKS5 INSP 11/14/.72
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Lined gun barrels

Ra: id-fire weapons

Coext fusion

Rifling

Machining

Extrusion billets

A-286 steel

L605 steel

Molybdenum alloy

Tantalum alloys
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